In this article, we report the synthesis of a series of multi-branched benzylidene (BI) ketone-based photo-initiators for two-photon polymerisation based 3D printing/additive manufacturing. Resins prepared by the addition of 1 wt.% of these initiators were processed in a commercial 2 photon polymerisation system to fabricate 3D woodpile structures, the qualities of which were examined to determine the efficiencies of the initiators. The results showed that compared to commercial initiator Irgacure 369, the four-branched initiator 4-BI exhibited excellent performance with higher writing speeds and broader ideal processing windows. The successful fabrication of complex 3D structures at high writing speeds (up to 100K μm/s) indicated that the four-branched initiator 4-BI could potentially increase the fabrication efficiency and hence become a promising initiator for two-photon polymerisation.
INTRODUCTION
Since its inception, two-photon induced photo-polymerisation (TPIP) has been developed towards a manufacturing process that can produce additively manufactured (or 3D printed) structures on nano length scales 1 . This is attractive -3D printing or additive manufacturing (AM) is a manufacturing method that seeks to avoid traditional manufacturing techniques that are either subtractive (i.e. machining and ablation) or formative (i.e. moulding and casting), and in doing so leverages considerable benefits in terms of design freedom 2, 3, 4, 5, 6 . To date, AM is able to fabricate on the super-micron scale 3, 7 , but there are significant benefits to also being able to tailor function on the nanoscale, e.g., being able to manufacture on lengths scales that are important for cellular function, or for interacting with the visible part of the electromagnetic spectrum 8, 9 . TPIP achieves this level of resolution by employing a two-photon absorption (TPA) procedure, a non-linear process requiring two photons to breach the energy gap between an allowed excited state and the ground state 10 . These non-linearity results in a threshold intensity that induces a photochemical reaction and this can be tailored spatially through the sculpting of the incident beam profile to achieve nanoscale fabrication 11 . For those aiming to manufacture, this conveys advantages of excellent spatial control with high resolution in the sub-micrometer range 12, 13 . Moreover, compared to UV light, the long wavelength excitation source (~780 nm) enables deeper penetration into the resin 14 as well as a reduction in the number of side reactions 1, 11 . These advantages have resulted in TPIP being exploited in a wide range of applications, including three-dimensional (3D) microfabrication 15 , biological imaging 16 , the controlled release of biologically relevant species 17 , and high-density optical data storage 18 .
An efficient TPIP process requires a resin containing a highly active two-photon absorption photoinitiator (TPA PI) to achieve a high writing speed and low polymerisation threshold that a high quality structure requires 1, 19, 20, 21 . The most commonly available PIs have been those produced to work with UV illumination, but these have significant drawbacks, notably including low two-photon cross-sections (σTPA) 22 , high excitation power and long exposure time, all of which combine to result in poor quality structures 1 . In recent years, there has been a shift to the production of dipolar or quadrupolar TPA chromophores containing strong electron donors and/or acceptors, as well as planar π systems with long conjugation length 1, 11, 12, 23, 24 . These have, however, been slow to achieve widespread use 1 .
One recent development has been the production of a series of benzylidene ketone-based twophoton initiators containing double bonds and dialkylamino groups, synthesized through one-step aldol condensation reactions 1, 10 . Compared to other types, these initiators offer D-π-A-π-D core structures with simplicity in synthesis and reduced cost 1 . Meanwhile, initiators with multi-branched structures have been observed to offer a cooperative enhancement of TPA in these structures 10, 25, 26, 27 . These developments offer the potential for easily manufacturable PIs that can increase the processing range for TPIP and increase the fabrication speed, often seen as a bottleneck in the TPIP based process.
In this paper, an extension to established benzylidene ketone-based initiators will be shown, demonstrating that the addition of multiple branches can be beneficial for TPIP 26, 28 , including higher initiation efficiency and faster fabrication speed. The synthesis of initiators and preparation of resins will be described, before characterisation of TPIP structures is presented, with a direct comparison to results using a commercially available PI offered (Irgacure 369). These new materials can be useful add-ons to be used in the development of TPIP monomers and increase the materials palette for TPIP.
METHODOLOGY

Materials:
4-(Dimethylamino)benzaldehyde, cyclohexanone, 1,3-cyclohexanedione, 1,4-cyclohexanedione, ethanol, sodium hydroxide and ammonium chloride were purchased from Sigma-Aldrich UK and used as received. 2-Benzyl-2-(dimethylamino)-4'-morpholinobutyrophenone (Irgacure 369) was purchased from Sigma-Aldrich and served as a reference photoinitiator 28 . Pentaerythritol triacrylate (PETA) (Sigma-Aldrich) was used as the monomer for polymer resins. The synthetic routes for the final compounds (a) 2,6-Bis(4-(dimethylamino)benzylidene)cyclohexanone (2-BI), (b) 4,6-bis(4-(dimethylamino)benzylidene)-2-(4-(dimethylamino)benzylidene)cyclohexane-1,3-dione (3-BI) and (c) 2,3,5,6-tetrakis(4-(dimethylamino)benzylidene)cyclohexane-1,4-dione (4-BI) are shown in Scheme 1 with their details given in section 2.2. Scheme 1. Reaction Scheme for the Synthesis of (a) 2-branched two-photon initiators 2-BI, (b) 3-branched two-photon initiator 3-BI, and (c) 4-branched two-photon initiator 4-BI
Synthesis of initiators
Two, three and four-branched initiators 2-BI, 3-BI and 4-BI were synthesised using a method similar to that reported by Li et al 1 . 20, 30, and 40 mmol of benzaldehyde and 10 mmol of cycloketone, 1,3-cyclohexanedione, and 1,4-cyclohexanedione respectively were mixed with 40 mL of ethanol in a 100 ml round bottom flask. 10 mmol of sodium hydroxide was dissolved in 3 ml of deionized water, and the solution was added dropwise into the vigorously stirred mixture. After stirring for 12 hours, the mixture was diluted with 200 mL of chloroform and washed using saturated NH4Cl three times to remove the NaOH. The organic phase was collected using a separating funnel, followed by a solvent evaporation process. The products were purified by recrystallization from ethanol. 2-BI
Resin preparation
Pentaerythritol triacrylate (PETA) is a commonly employed monomer for TPIP and as consequence was chosen for use in this study due to its reliability 10, 12, 19, 29 . For each resin, 0.02 g of each initiator was dissolved in 0.20 g of dichloromethane, followed by dispersal in 2.00 g of PETA. The mixtures were fully mixed using a magnetic stirrer at 600 rpm for 30 minutes, followed by ultrasonication for a further 30 minutes. The structures for each of the molecules are shown in Figure 1 . General Procedure: For all samples the same fabrication process was implemented: The optical material was deposited onto a glass substrate which was then loaded into the Nanoscribe for twophoton laser writing to produce a 3D structure inside the material volume. After laser writing, the unpolymerised monomer was removed by developing the structure in propylene glycol monomethyl ether acetate (PGMEA) and subsequently in 2-propanol. Face-centred-cubic (FCC) woodpile structures 30, 31 (with a rod spacing = 1 μm, as illustrated in Figure 1) were fabricated under laser powers ranging from 15 mW to 50 mW and writing speeds ranging from 5K µm/s to 100K µm/s for the evaluation. The resulting structures, including the structural dimensions and integrity, were studied using a Hitachi TM3000 Tabletop Scanning Electron Microscope (SEM) and a Hitachi S-2600N SEM. A Nikon Reichert-Jung MEF3 optical microscope was used to characterise the quality of the printed structures. Having synthesized the new compounds, a series of experiments were performed to compare the efficiencies of the initiators by fabrication of complex 3D structures with respect to write speed and laser power. Both limits were sought according to the qualities of the resulting structures, since one would like to increase the fabrication speed through increase of power and/or increase of write speed 28 , but an increased laser power may also have the negative effect of degenerating the structure 28 . To allow for rapid comparison independent of the structure, arrays of woodpile structures were fabricated (as shown in Figure 2 ) using an increasing selection of laser power and writing speed (Figure 3 ). The laser power was varied from 15 mW to 50 mW in increments of 1 mW, whilst writing speeds of 5K, 10K, 20K, 40K, 60K, 80K and 100K µm/s were chosen.
Qualities of the woodpile structures are greatly dependent on the processing range of TPIP (a combination of laser power and writing speeds), exceeding the ideal range can result in malforming of objects. When subjected to closer scrutiny a number of phenomena were identified. When the laser intensity was too low, an insufficient number of free radicals were generated and hence insufficient polymerisation occurred in the exposed area, causing the fabricated structures to be weak and inaccurate. If the laser intensity was too high, it would generate excessive heat within the exposed area of resin, causing bubbles or even polymer decomposition 28 .
As can be seen from the processing windows shown in Figure 3 , the different colour of the grids and their corresponding classes were used to illustrate the evaluated TPA initiation efficiency of the initiators. Four classes were employed to indicate the quality of the structures (Figure 3e ). Class A (green) defines excellent structures with fine hatch lines and sharp edges, while class B (yellow) indicates contorted structures with some shape changes, as well as other small mistakes such as holes and slightly deformed edges. Structures rated as class C (red) are no longer identifiable, which can be either due to insufficient polymerisation (Class C1) or polymer decomposition caused by overexposure (Class C2). No structure is observed for class D (white), indicating insufficient laser intensities for polymerisation to happen.
The commercially available initiator I369
28 allowed the fabrication of excellent woodpile structures at suitable laser power and writing speeds. For a writing speed of 5K μm/s, laser powers between 17 mW and 25 mW resulted in fine structures. As the writing speed increased from 5K to 100K μm/s, the resin required laser power higher than 44 mW to be cured, as one would expect from a consideration of the energy density incident during the process. This can be described using the following simple relation (1):
where ρE is the energy density, v is the write speed, k is the ratio of the laser power to the maximum laser power, P0, and d is the laser spot diameter. If we consider that the energy density required for polymerisation will remain constant for a given system, then any increase in the writing speed must be matched by an increase in laser power, or vice versa. This also gives a qualitative measure of the 'efficiency' of the process, since if the gradient of the border between green and yellow (class A and class B) increases (i.e., v/k), then so must the effective energy density, i.e., the number of photons absorbed and promoting polymerisation must be increasing, pushing the range of processing into apparently lower ranges of energy density.
For all 252 combinations of laser power and writing speed shown in the processing windows in Figure 3 , 94 of them achieved class A structures using initiator I369, indicating a large ideal processing range for TPIP. 2-BI showed a very poor result, only 5 out of 252 achieved class A. For 3-BI and 4-BI, this value increased to 69 and 107, respectively. Although at first sight of Figure 3 , 3-BI and 4-BI did not show significant improvement in the ideal processing range, they showed improvements at high writing speed of 100K µm/s, particularly in the case of 4-BI. In this case higher maximum write speeds, lower laser powers and a steepening of the border between yellow and green regions in Figure 3 (d) all point to a more effective and potentially more efficient PI that can enable faster processing. For synthesised initiators 2-BI, 3-BI and 4-BI, since they all have dimethylamino groups as electron-donors, vinyl as π-conjugated bridges, and carbonyl as electron acceptor groups, it can be hypothesised that the larger number of branches leads to higher donor-to-acceptor ratios and an improved efficiency.
Energy thresholds for initiator 4-BI
The increase in 4-BI performance in comparison to I369 suggests that this is a promising highefficiency two-photon initiator that could enable the fabrication of the complex 3D structures that are being sought in AM. To determine the quality of the resin PETA/4-BI, the thresholds for polymerisation and decomposition were investigated by fabricating lines using single sweeps at various writing speeds and laser powers 32 and then measuring the line widths from SEM images (Figure 4b) . One example is shown in Figure 4a , an array of lines were fabricated with a fixed writing speed of 10K µm/s and varying laser power from 0.5 mW to 50 mW. To avoid issues with interface errors, each of the 5 vertical line repeats were fabricated on top of a series of horizontal lines printed beforehand using the same resin with a fixed laser power and writing speed; these acted as supporting structures and ensured a level base on which to build. Figure 4b shows that lower writing speeds and higher laser power resulted in larger line width owing to the larger energy density and an increase in the area over which the intensity of photon incidence is in excess of the threshold required for initiation of polymerisation. For a successful TPIP process, the energy density must sit within the range bounded at the upper end of polymer decomposition and at the lower end incomplete polymerisation. The thresholds for polymerisation and decomposition of resin PETA/4-BI were determined by observing the integrity of the lines drawn using different laser powers ( Figure 5(a) ). For samples printed at 10K µm/s writing speed, the threshold for polymerisation was determined to be 11.5 mW, while the threshold for decomposition was 36 mW. Figure 5(b) illustrates the ideal laser power range for the resin PETA/4-BI. As can be seen from the results, the laser power s increased with writing speed. For writing speeds higher than 40K µm/s, the threshold for decomposition was beyond the maximum laser power tested in current study which was 50 mW. This range is slightly wider than the results in figure 3 , which was due to the complex woodpile structures being more likely to suffer from local heat accumulation than simple lines, causing a narrower laser power range. By selecting suitable combinations of writing speeds and laser power, complex 3D structures, including bracelet (figure 6a), University logo (figure 6b) and hollowed pyramid (figure 6c) were fabricated, demonstrating the potential for PETA/4-BI as a TPIP/3D printing formulation; a promising 11 11 (a) (b) (c) Figure 6 . SEM images of complex 3D structures fabricated using resin PETA/4-BI with optimized parameters. Samples were tilted at 45 o . The insert image in (b) was taken without tilting.
CONCLUSIONS
In this work, a series of benzylidene ketone-based two-photon initiators with multi-branched structures were synthesised and used as TPA initiators. The TPIP processing window results indicate that increasing the number of branches on the molecules resulted in a larger ideal processing window. At a laser beam wavelength of 780 nm and a photo-initiator concentration of 1 wt.%, the four-branched initiator 4-BI exhibited excellent performance in the TPIP tests with both higher writing speeds and broader ideal processing windows compared to commercial initiator Irgacure 369. At a writing speed of 100K µm/s, 4-BI required a much lower laser power of 34 mW to fabricate 3D woodpile structures compared with the 44 mW of Irgacure 369. Its detailed laser intensity range was studied by fabrication of simple lines and complex 3D structures. These results indicate that these new multi-branched initiators could potentially increase the fabrication efficiency and have extensive application prospects in a wide range of AM processes, e.g., micro-fabrication and high density optical data storage.
